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Abstract 
The core loss of grain oriented electrical steel can be improved by an additional treatment process. For the industrial 
utilization, the CO2 or Nd:YAG lasers are most widely used for laser scribing with typical core loss improvements of 
about 10%. In this work, a high power CO2 laser and fiber laser up to 4kW laser power are investigated under the aspect 
of industrial utilization. It was found that a specific parameter range for both laser beam sources was necessary to improve 
the core losses for the applied parameter range. Furthermore, an increase of the core loss improvement of 0.3mm HiB 
(High-Permeability) electrical steel was investigated by using the fiber laser compared to the CO2 laser. 
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1. Motivation / State of the Art 
Grain oriented electrical steel is a soft magnetic material and mainly used for distribution transformers or 
power transformers. With an additional surface treatment after the rolling process it is possible to improve the 
magnetic properties of the core material; especially the core losses. Different techniques, so-called domain 
refinement techniques, such the mechanical scratching, plasma irradiation, spark ablation and laser scribing 
have been known for many years. All these methods can provide favorable stress that refines the magnetic 
domains due to mechanical or thermal introduced strains. For the industrial utilization of refinement process 
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the laser is usually applied due to the no-contact nature, the high flexibility and the little damage of the 
surface coating [1]. 
In the past year CO2 or Nd:YAG lasers were the most widely used laser beam sources for continuously 
treated material in those cases in which the laser beam is moved perpendicularly to the direction of rolling. 
Typical core loss improvement of about 10% could be achieved with that kind of laser beam sources. The 
theoretically predicted core loss improvement of 70% indicates the motivation for further developments of the 
refinement process [2]. Especially the development of highly brilliant laser beam sources, like the fiber laser, 
enables new opportunities for the refinement process of grain oriented electrical steel under the aspect of 
industrial utilization. 
2. Experimental 
2.1. Setup and conditions 
The experiments were performed with a newly developed LMDR (laser magnetic domain refinement) test 
system that is based on the laser beam deflection lasertronic®SAO x.x/6D. It has been developed at the 
Fraunhofer IWS Dresden for the laser magnetic domain refinement of continues moving material (Fig. 1). The 
coil movement was replaced by a movement axis to simulate the coil speed up to 90m·min-1 [3]. The system 
was optimized for the two laser beam sources used in the experiments. 
 
 
Fig. 1. Principal of the optical beam path of the LMDR test system (lasertronic®SAO x.x/6D) [5] 
 
The investigations focused on a high power CO2 and a fiber laser using the same optical beam path, which 
consists of 6 galvanometer scanners for the laser beam deflection and beam shaping mirrors generating the 
elliptical laser spot on the sheet surface. The focusability of the laser beam source, especially of the fiber 
laser, was not restricted, which leads to different spot sizes for the applied parameter range. 
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Table 1. Specification the LMDR test system [3] 
notation specification 
working width  up to 1000mm 
coil speed or axis speed 0.5 - 90 m·min-1 
laser spot velocity up to 300 m·s-1 
laser beam source 2 x laser beam sources selectable (CO2 laser, fiber coupled solid state laser) 
max. laser power 1000 - 5000 W (dependent on laser beam source) 
line distance 2  20 mm 
material  single sheets up to 1000 mm x 1000 mm 
2.2. Samples and method 
The samples used in this work, 300mm x 30mm x 0.3mm electrical steel (comparable to M111-30P), were 
annealed after cutting at 800°C for 2h under nitrogen atmosphere for confirmation tests. The magnetic 
properties were measured before and after the laser scribing process by using SST 250mm x 50mm 
measurement device to evaluate the core loss improvement.  
10 samples were treated with one parameter set specified by line distance, laser power and laser spot 
velocity. For both laser beam sources the influence of the line distance at various parameters (spot velocity 
and laser power) were investigated before observing the dependency of laser power and spot velocity. Based 
on the results of the preliminary test, the line distance was selected for both laser beam sources at the same 
line pitch, which turned out to be the optimum for both laser beam sources under the aspect of the industrial 
utilization. The parameters for the investigations are summarized in Table 2. 
Table 2. Specification of the applied parameter range, laser power vs. spot velocity 
notation / parameter parameter range  
CO2 laser fiber laser 
laser power 500W - 4000W 
spot velocity 50m/s - 300m/s 
line distance 1mm to 20 mm  
spot diameter 0,9998 (eccentricity) 0,9999 (eccentricity) 
semi-major axis (elliptical spot) 100% -13% (reduced compared to CO2 laser) 
semi-minor axis (elliptical spot) 100% -53%(reduced compared to CO2 laser) 
 
The spot geometry, especially the semi-minor axis of the elliptical spot, which determined the line width, is 
different for different laser beam sources due to dissimilar beam qualities and wavelengths. The deviation is 
shown in Table 2. 
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3. Results and Discussion 
For both laser beam sources a specific parameter range was observed for the optimal core loss 
improvement under consideration of the applied parameter. The laser power and the spot velocity can be 
summarized to energy per length unit.  
Spot
L
s v
PE   (1) 
The best core loss improvement for both laser beam sources could be achieved if the energy per length unit 
(ES) was kept in a specific range, as shown in Fig. 2. A reduction was observed in case of an increase as well 
as decrease of ES. In between these ranges the best core loss improvement could be achieved depending on 
the selected parameters (laser power and spot velocity). The significant degradation of the achieved core loss 
improvement for both laser beam sources was observed at insufficient ES due to less absorbed energy. In 
contrast, an increase of ES causes a moderate decline of the improvement. 
 
For both laser beam sources the core losses could be improved within the optimal parameter range at about 
10% depending on the used parameters. The observed deviation of the improvement can be attributed to the 
material as well as to the parameters. Especially, the dwell time is different at different spot velocities and on 
the same ES, which is affecting the improvement. 
 
  
Fig. 2. Core loss improvement depending on the energy per length unit for (a) CO2-laser (b) fiber laser measured at 10 treated 
samples (single strip) 
 
As shown in Fig. 3 nearly the same improvement was achieved with different energy levels (EL) measured 
at one treated sample with a specified parameter set of laser power, spot velocity and line distance. For both 
laser beam sources the core loss improvement at low EL (ES < 4 J/m) as well as high EL (ES > 50 J/m) was 
measured with 3 % illustrated in Fig. 3. In both cases, no significant improvement could be achieved. 
Additionally, the coating is much more affected at high EL. However, the core loss could be improved by 
11 % in case of the CO2 laser and 15 % in case of the fiber laser within the optimal parameter range 
(5 J/m > ES > 45 J/m) for the single strip illustrated in Fig. 3.  
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This behavior could also be observed in the shape of the hysteresis loops. For both laser beam sources the 
magnetic shear of hysteresis could be observed at high EL. Untreated material or material treated with low EL 
causes only a minimum or even no shear of hysteresis. 
 
  
Fig. 3. Hysteresis loops for different treatment results under consideration of energy per length unit for (a) CO2-laser (b) fiber 
laser, single strip measurements 
The comparison of the laser beam sources showed that the core loss improvement with the fiber laser was 
higher than the improvement achieved with the CO2 laser for the applied parameter range. This observation 
can be confirmed with the theoretical aspect of the absorption behavior of the basic material together with the 
coating for different wavelengths of the used laser beam sources, 10.6μm CO2 laser to 1.06μm fiber laser. The 
coating consists of a glass film composite composed of phosphate and forsterite layers [6]. A higher 
transmission for the glass film is expected at shorter wavelengths and therefore also for the fiber laser [7]. 
Furthermore, the reflected part of the transmitted energy to the basic material (FeSi-matrix) should be reduced 
by reducing the wavelength. Hence, more energy can be used for the domain refinement process at the same 
laser power.  
 
  
Fig. 4. Maximum core loss of M111-30P (annealed); measurement before and after the treatment by using (a) CO2-laser  (b) fiber 
laser (improvement in percent refers to the mean value) 
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Fig. 5. Magnetic measurements (core loss and polarization) of  M111-30P (annealed); measurement before and after the treatment 
by using (a) CO2-laser  (b) fiber laser 
 
The maximum achieved core loss improvement observed in the applied parameter range is summarized in 
Fig. 4 for one of the best parameters, which is calculated by the mean value of 10 treated and untreated 
samples, measured before and after the laser scribing process. As shown in Fig. 4, the improvement of the 
fiber laser with 14.5 % is higher compared to the CO2 laser with 12.5 %. However, the maximum 
improvement of one strip could be even higher. For the fiber laser the maximum improvement of one single 
strip of up to 19% was measured compared to 15% using the CO2 laser. The fluctuation of the improvement 
for one treatment parameter can be attributed to the deviation of the material as shown in Fig. 4.  
The single strip measurements within the optimal parameters for both laser beam sources are summarized 
in Fig. 5. Beside of the core loss improvement the polarization, measured at magnetic field strength of 
800A/m, was investigated for both laser beam sources. In both cases a slight decrease as well as an increase of 
the polarization was measured in the range of 2 %. However, a significant influence on polarization 
depending on the used laser beam source was not observed for the applied parameter range. 
4. Conclusions and Outlook 
The laser magnetic domain refinement was performed with different high power laser beam sources under 
the aspect of industrial utilization that affects mainly the spot velocity. For achieving high spot velocities or 
scanning speeds up to 300m/s a special system (LMDR test system) was used. 
For the investigations different laser beam sources were observed, fiber laser and CO2 laser, on 
300mm x 30mm x 0.3mm electrical steel grades (comparable to M111-30P). It was found that the core loss 
improvement of the fiber laser (14.5% improvement of the mean value, 19% maximum core loss 
improvement) was higher than the improvement achieved with the CO2 laser (12.5% improvement of the 
mean value, 15% maximum core loss improvement) for the applied parameter range at the same line 
distances. 
For the investigations the focusability of the fiber laser was not restricted due to the same focusing mirror 
bar. Hence, the spot geometry was different, especially the semi-minor axis of the elliptical spot. Actions for 
further improvements could be investigations to evaluate the influence of the spot geometry for the different 
laser beam sources with respect to the core loss improvement.  
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Nomenclature 
EL  energy level  
Es energy per length unit in J/m (Joule per meter) 
PL laser power in W (Watt) 
vSpot spot velocity in m/s(meter per second) 
